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Abstract. We investigate parity-violating signatures of temperature and polarization bis-
pectra of the cosmic microwave background (CMB) in an inflationary model where a rolling
pseudoscalar produces large equilateral tensor non-Gaussianity. By a concrete computation
based on full-sky formalism, it is shown that resultant CMB bispectra have nonzero signals
in both parity-even (ℓ1 + ℓ2 + ℓ3 = even) and parity-odd (ℓ1 + ℓ2 + ℓ3 = odd) spaces, and
are almost uncorrelated with usual scalar-mode equilateral bispectra. These characteristic
signatures and polarization information help to detect such tensor non-Gaussianity. Use of
both temperature and E-mode bispectra potentially improves of 400% the detectability with
respect to an analysis with temperature bispectrum alone. Considering B-mode bispectrum,
the signal-to-noise ratio may be able to increase by 3 orders of magnitude. We present the
1σ uncertainties of a parameter depending on a coupling constant and a rolling condition for
the pseudoscalar expected in the Planck and the proposed PRISM experiments.
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1 Introduction
Cosmological parity violation may be a key indicator of UV theories of gravity and early
Universe models, and has been well-studied from both theoretical and observational sides
(e.g., refs. [1–20]). Nowadays the investigation of the connections between the parity violation
and tensor non-Gaussianity has attracted attention [21–26]. Such non-Gaussianity imprints
new types of distinguishable signatures in temperature and polarization bispectra of the
cosmic microwave background (CMB), e.g., temperature auto-bispectrum in ℓ1+ℓ2+ℓ3 = odd
or B-mode auto-bispectrum in ℓ1 + ℓ2 + ℓ3 = even [23, 24, 27].
Recently, ref. [16] has proposed an inflationary model where a rolling pseudoscalar, grav-
itationally coupled to the inflaton, amplifies the vacuum fluctuations of a U(1) gauge field.
This gauge field can add extra signals in power spectrum and bispectrum of curvature per-
turbations and of gravitational waves in addition to normal signals generated by the inflaton.
The introduction of a second (pseudoscalar) field minimizes the amount of scalar perturba-
tions and an interesting gravitational wave signal can be obtained without conflicting with
the bounds on non-Gaussianity from the scalar perturbations. Resulting gravitational waves
are chiral, can produce TB and EB correlations and parity-violating non-Gaussianities. In-
vestigating these characteristic observables is a meaningful way to judge the validity of this
model. More recently, ref. [26] has found that in this model the non-Gaussianity of gravita-
tional waves is O(103) times than the curvature non-Gaussianity. This implies the existence
of sizable CMB bispectrum unlike usual scalar-mode one. The authors have evaluated the
magnitude of resultant temperature auto-bispectrum through an approximation based on
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flat-sky formalism, and have translated a current bound on the equilateral nonlinearity pa-
rameter into a rough bound on the pseudoscalar coupling. Their analysis is a reasonable
way to evaluate the signals roughly. However, their flat-sky analysis may be no longer ap-
propriate on large scales where the tensor mode is effective. As we will show, the tensor
non-Gaussianity in this model breaks parity invariance asymmetrically and creates separate
signals in both parity-even (ℓ1 + ℓ2 + ℓ3 = even) and parity-odd (ℓ1 + ℓ2 + ℓ3 = odd) spaces.
It may be hard to evaluate such signatures precisely in the flat-sky formalism which is based
on non-discrete ℓ space. Furthermore, we expect that inclusion of the polarization bispectra
can improve detectability drastically since, in this case, the tensor mode is a major source of
non-Gaussianity [28].
In this paper, we present a concrete study of the temperature and polarization bispectra
generated from a rolling pseudoscalar. Firstly, on the basis of a full-sky formalism with full
radiation transfer dependence [29], we construct a general form for the CMB bispectra. The
primordial tensor bispectrum is given by a non-separable form between three wave numbers
and it makes the computation of the CMB bispectra quite difficult. We solve this by replacing
it with a reconstructed separable one. Through technical treatments of ℓ dependence in
the full-sky formulation, we confirm that resulting CMB bispectra do not vanish both in
the parity-even and parity-odd ℓ spaces. Next, we estimate the detectability of the tensor
non-Gaussianity for cases with the auto- and cross-bispectra between the temperature and
E-mode anisotropies, and with the B-mode auto-bispectrum alone. In the analysis with
the temperature and E-mode bispectra, we assume the existence of a contamination by the
standard equilateral non-Gaussianity, while we show that it is a negligible effect. For both
cases, we assume the Planck and the proposed PRISM experiments. Then, we show that
considering the polarization information and both the parity-even and parity-odd signals
improves the detectability. We also summarize the expected 1σ errors of a model parameter
determined by a coupling constant and a rolling condition of the pseudoscalar field.
This paper is organized as follow. In the next section, we review an inflationary model
with a rolling pseudoscalar by following ref. [16]. In section 3, we compute the primordial
tensor bispectrum and find its reconstructed form which is useful in CMB computation. In
section 4, we produce a full-sky form for the CMB temperature and polarization bispectra
and analyze their behaviors. Section 5 presents Fisher matrix analysis for estimating the
detectability of the tensor non-Gaussianity, and the final section is devoted to summary and
discussion of our results.
2 Gauge field amplification by a rolling pseudoscalar
In this paper, we consider a model where in addition to a standard inflationary sector, we
have a (hidden) sector with a rolling pseudoscalar χ coupled to a U(1) gauge field Aµ, whose
Lagrangian is given by
L = −1
2
(∂φ)2 − V (φ)− 1
2
(∂χ)2 − U(χ)− 1
4
FµνF
µν − χ
4f
Fµν F˜
µν , (2.1)
where f is a coupling constant like an axion decay constant and Fµν ≡ ∂µAν − ∂νAµ is the
field strength and F˜µν its dual [16, 26]. In this model, a successful slow-roll inflation occurs
owing to an inflaton potential V (φ), and χ contributes to the generation of curvature and
tensor perturbations through gravitational interaction with the gauge field. Such a scenario
is different from the case in which a direct coupling between the inflaton and the gauge field
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is present [13]. In that case the coupling is much stronger than the gravitational one and
scalar curvature fluctuations are sourced with much more efficiency than gravitational waves
[16]. Observed power spectra of curvature and tensor perturbations will consist of both these
gauge-field modes and considerable normal modes generated in the slow-roll regime, which
are expressed as P ≡ H2
8π2ǫM2P
and Ph = 16ǫP with H, ǫ andMP ≡ 1/
√
8πG being the Hubble
parameter, the slow-roll parameter for the inflaton and the reduced Planck mass, respectively.
On the other hand, the gauge-field contributions can dominate over the bispectrum signals
owing to the slow-roll suppression of the normal-mode non-Gaussianities [16, 26]. This implies
that we can obtain tight constraints on this model from CMB bispectrum analysis.
We shall analyze the dynamics of the gauge field in the Coulomb gauge A0 = 0 and
∇ ·A = 0. Then, equation of motion of the gauge field reads
A′′ −∇2A− χ
′
f
∇×A = 0 , (2.2)
where ′ ≡ ∂/∂τ denotes conformal time derivative. To solve this, we move to a quantization
process in Fourier space, reading
Ai(τ,x) =
∫
d3k
(2π)3/2
∑
λ=±1
vλ(τ,k)ǫ
(λ)
i (k)e
ik·x , (2.3)
vλ(τ,k) = aλ(k)Aλ(τ,k) + a
†
λ(−k)A∗λ(τ,−k) , (2.4)
where creation and annihilation operators satisfy
[
aλ(k), a
†
λ′(k
′)
]
= δλλ′δ
(3)(k− k′) , (2.5)
and ǫ
(±1)
i is a divergenceless polarization vector (for details see appendix A).
1 Then assuming
rolling condition like χ˙ ≃ const. leads to an explicit form of A+:
A+(τ, k) ≃ 1√
2k
(
−kτ
2ξ
)1/4
eπξ−2
√−2ξkτ , (2.7)
where ξ ≡ χ˙2fH with ˙ ≡ d/dt being physical time derivative, and ξ > 0 is assumed without
loss of generality. We are interested in the situation where the gauge field may give observable
effects on cosmological perturbations, namely ξ & O(1). Then, this solution will perform
well for all interesting scales. Note that A+ is exponentially amplified as ξ becomes large,
due to tachyonic instability, while A− has no amplification mechanism and is negligible
in comparison to A+ [13]. Owing to this chiral property, the tensor non-Gaussianity and
resultant CMB bispectra break parity invariance and the signal can be distinguishable from
the vacuum one since one gravity wave helicity is produced in a much stronger way than the
other.
1 We use the Fourier transform convention as
f(x) =
∫
d3k
(2π)3/2
f(k)eik·x . (2.6)
The polarization vector ǫ
(±1)
i (kˆ) is equivalent to ǫ
i
±(k) in refs. [12, 13, 16, 26].
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3 Parity-violating tensor non-Gaussianity
The produced gauge field quanta give rise to scalar and tensor modes, giving rise to non-
standard power spectra and bispectra. Very interestingly, due to helicity conservation, the
tensor non-Gaussianity has a larger amplitude in comparison with the scalar one that can
be considered negligible [26]. In this section, we shall formulate such tensor non-Gaussianity
to estimate its CMB signals in our convention. Then, we will confirm the consistency of our
results with ref. [26].
3.1 Primordial tensor bispectrum
The tensor metric perturbation, which is defined in δg
(T )
ij = a
2hij with a being the scale
factor, obeys the Einstein equation:
h′′ij + 2
a′
a
h′ij −∇2hij = −
2a2
MP
(EiEj +BiBj)
TT , (3.1)
where E = −A′/a2 and B = ∇ ×A/a2 are electric and magnetic parts of the gauge field,
and TT denotes transverse and traceless elements. Here, the source term arises not from the
FF˜ term but from the FF term in eq. (2.1). Parity-violating information of the gauge field
is transmitted to the tensor metric perturbation through this source term. In Fourier space,
a solution is given by the Green function Gk as [26]
hij(τ,x) =
∫
d3k
(2π)3/2
∑
λ=±2
h
(λ)
k
(τ)e
(λ)
ij (kˆ)e
ik·x , (3.2)
h
(λ)
k
(τ) = −2H
2
M2P
∫
dτ ′Gk(τ, τ ′)τ ′2
∫
d3k′
(2π)3/2
d3k′′
1
2
e
(−λ)
ij (kˆ)
× [Ei(τ ′,k′)Ej(τ ′,k′′) + Bi(τ ′,k′)Bj(τ ′,k′′)] δ(k′ + k′′ − k) , (3.3)
where e
(±2)
ij is the transverse and traceless polarization tensor defined in appendix A
2 and
Gk(τ, τ
′) =
1
k3τ ′2
[
(1 + k2ττ ′) sin k(τ − τ ′) + k(τ ′ − τ) cos k(τ − τ ′)]Θ(τ − τ ′) . (3.4)
Ei and Bi represent the dependence on Ei and Bi in Fourier space, namely
Ei(τ,k) ≡ v′+(τ,k)ǫ(+)i (k) , (3.5)
Bi(τ,k) ≡ kv+(τ,k)ǫ(+)i (k) , (3.6)
where we ignore A− for its smallness. Then, the tensor bispectrum is formed by 6-point
functions of Ei and Bi. Computing it on superhorizon scales (−kτ → 0) using the Wick’s
theorem and conventions of the polarization vector and tensor (appendix A), yields〈
3∏
n=1
h
(λn)
kn
〉
=
[
3∏
n=1
∫
d3k′n
(2π)3/2
]
δ(k1 − k′1 + k′3)δ(k2 − k′2 + k′1)δ(k3 − k′3 + k′2)
×ǫ(+)a (kˆ′1)ǫ(−)d (kˆ′1)ǫ(+)e (kˆ′3)ǫ(−)b (kˆ′3)ǫ(+)c (kˆ′2)ǫ(−)f (kˆ′2)
×1
2
e
(−λ1)
ab (kˆ1)
1
2
e
(−λ2)
cd (kˆ2)
1
2
e
(−λ3)
ef (kˆ3)F(k′1, k′2, k′3)
≡ (2π)−3/2Bλ1λ2λ3
k1k2k3
δ(3)
(
3∑
n=1
kn
)
, (3.7)
2Our polarization tensor e
(±2)
ij (kˆ) is equal to 2Π
ij
∓(k) in refs. [12, 26].
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where
F(k′1, k′2, k′3) ≡
(
−2H
2
M2P
)3 [ 3∏
n=1
lim
−knτ→0
∫ 0
−∞
dτnτ
2
nGkn(τ, τn)
]
×Ah(τ1, k′1, k′3)Ah(τ2, k′2, k′1)Ah(τ3, k′3, k′2) , (3.8)
and Ah is given by
Ah(τ, k, q) ≡ 2
[
A′+(τ, k)A
′
+(τ, q) + kqA+(τ, k)A+(τ, q)
]
. (3.9)
We are interested in the bispectrum signatures for ξ & O(1). In this condition, eq. (3.9)
becomes
Ah(τ, k, q) ≃
(√
−kqτ
2ξ
−
√
−2ξ
τ
)
[kq]1/4e2πξe−2
√−2ξτ(
√
k+
√
q) , (3.10)
and hence F is analytically evaluated as [13]
F(k′1, k′2, k′3) ≃
Γ(7)3
33224
H6
M6P
e6πξ
ξ9
(k′1k
′
2k
′
3)
1/2
[(
√
k′1 +
√
k′2)(
√
k′2 +
√
k′3)(
√
k′3 +
√
k′1)]7
. (3.11)
This form is equivalent to that found in [26]. From numerical evaluation, we confirm that
this tensor bispectrum resembles closely the usual equilateral shape, and the bispectrum
amplitude in the equilateral configuration (k1 = k2 = k3) can be expressed as〈
3∏
n=1
h
(+2)
kn
〉
kn→k
≃ 6× 10−10 H
6
M6P
e6πξ
ξ9
δ(k1 + k2 + k3)
k6
. (3.12)
This is in agreement with the result in ref. [26]. We also confirm the smallness of the other
spin modes, reading B+2+2+2 ∼ 102B+2+2−2 ∼ 105B+2−2−2 ∼ 105B−2−2−2, and hence we
shall ignore these contributions in the rest of the paper.
3.2 Reconstruction for CMB bispectrum
An exact form of the tensor bispectrum (3.7) has three convolutions with respect to k′n due to
the 6-point functions of Ei and Bi. This implies that resultant CMB bispectrum has also three
convolutions in ℓ space, which corresponds to the 1-loop computation [24, 30]. The numerical
computation of such CMB bispectrum is quite hard due to the non-separability of the k
integrals. Accordingly, we introduce an approximate separable form without convolutions,
which is reconstructed from the exact bispectrum.
The radial function F has three poles, i.e., k′1 = k′2 = 0, k′2 = k′3 = 0 and k′3 = k′1 = 0,
and contributions around these poles may dominate over total signals. Evaluating these
contributions in the similar way as refs. [24, 30] yields
B+2+2+2
k1k2k3
≈ (2π)−3Γ(7)
3
33227
H6
M6P
e6πξ
ξ9
δ(3)
(
3∑
n=1
kn
)
4π
3
e
(−2)
ab (kˆ1)e
(−2)
bc (kˆ2)e
(−2)
ca (kˆ3)
×
ln
(
kmax
kmin
)
27
[ √
k1k2
(
√
k1 +
√
k2)14
+
√
k2k3
(
√
k2 +
√
k3)14
+
√
k3k1
(
√
k3 +
√
k1)14
]
. (3.13)
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where we have used relationships between the polarization vector and tensor (appendix A)
and
∫
k′21 dk
′
1
(2π)9/2
F(k′1 ∼ k′2 ≪ k′3) = (2π)−9/2
Γ(7)3
33224
H6
M6P
e6πξ
ξ9
ln
(
kmax
kmin
)
27
√
k′2k
′
3
(
√
k′2 +
√
k′3)14
,(3.14)∫
d2kˆ′ǫ(1)a (kˆ′)ǫ
(−1)
b (kˆ
′) =
4π
3
δab . (3.15)
This form produces an almost exact spin and angle dependence. However, since it is not
separable with respect to kn, we have to alter it to a separable form. Then, we shall replace
the non-separable part with the usual equilateral template as
B+2+2+2
k1k2k3
≈ NP3X3Beqk1k2k3e
(−2)
ab (kˆ1)e
(−2)
bc (kˆ2)e
(−2)
ca (kˆ3) , (3.16)
Beqk1k2k3 = −
1
k31k
3
2
− 1
k32k
3
3
− 1
k33k
3
1
− 2
k21k
2
2k
2
3
+
1
k1k
2
2k
3
3
+
1
k1k
2
3k
3
2
+
1
k2k
2
3k
3
1
+
1
k2k
2
1k
3
3
+
1
k3k
2
1k
3
2
+
1
k3k
2
2k
3
1
. (3.17)
where P = H2
8π2ǫM2P
and
X ≡ ǫe
2πξ
ξ3
. (3.18)
To check the shape resemblance between exact (3.7) and reconstructed (3.16) bispectra,
we introduce the shape correlator defined as
r =
Bex · Brec√
(Bex ·Bex)(Brec · Brec) , (3.19)
where a scalar product is defined as
B ·B′ ≡
∫ 1
0
dx2
∫ 1
1−x2
dx3(x2x3)
4B1,x2,x3B
′
1,x2,x3 . (3.20)
A numerical evaluation yields r = 0.98, which guarantees a consistency between the bispectra.
Then, the normalization factor can be estimated as
N =
Bex ·Brec(N = 1)
Brec(N = 1) ·Brec(N = 1) = 4.3174 × 10
−3 . (3.21)
In the next section, we adopt this reconstructed bispectrum in the computation of the
CMB bispectra.
4 CMB temperature and polarization bispectra
In this section, let us analyze CMB signatures of the parity-violating tensor non-Gaussianity
discussed in the previous section.
Tensor metric perturbations, which are generated during inflation and stretched beyond
horizon, re-enter horizon around recombination and create both temperature and polarization
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anisotropies. Major signals in the temperature anisotropy appear on large scales (ℓ . 100)
due to the Integrated Sachs Wolfe (ISW) effect after recombination. On the other hand, the
polarization anisotropies are generated through Thomson scattering at both recombination
and reionization, and have peaks at corresponding scales, namely ℓ ∼ 100 and 10, respectively
[31].
In general, the CMB anisotropies are quantified through a multipole expansion, i.e.,
∆X (nˆ)
X =
∑
ℓm a
X
ℓmYℓm(nˆ). Here the superscript X denotes the temperature (I), E-mode (E)
and B-mode (B) fields. Then, each multipole coefficient can be expressed as [29, 32]
aXℓm = 4π(−i)ℓ
∫ ∞
0
k2dk
(2π)3/2
T Xℓ (k)
∑
λ=±2
(
λ
2
)x ∫
d2kˆh
(λ)
k −λY
∗
ℓm(kˆ) , (4.1)
where x discriminates parities of three modes: x = 0 for X = I,E and x = 1 for X =
B, and T Xℓ is a radiation transfer function yielding the ℓ dependence as mentioned above.
Accordingly, a formula for the CMB bispectra induced by the tensor non-Gaussianity reads〈
3∏
n=1
aXnℓnmn
〉
=
[
3∏
n=1
4π(−i)ℓn
∫ ∞
0
k2ndkn
(2π)3/2
T Xnℓn (kn)
]
×(2π)−3/2
[
3∏
n=1
∫
d2kˆn−2Y ∗ℓnmn(kˆn)
]
B+2+2+2
k1k2k3
δ(3)
(
3∑
n=1
kn
)
. (4.2)
Here we note that dependence on x disappears due to the λn = +2 polarizing nature of the
tensor bispectrum. This equation involves integrals of angle-dependent parts in the tensor
bispectrum (3.16) and the delta function as shown in appendix A. Dealing with these angular
integrals by using Wigner symbols as in ref. [29], yields a reduced form〈
3∏
n=1
aXnℓnmn
〉
= BX1X2X3ℓ1ℓ2ℓ3
(
ℓ1 ℓ2 ℓ3
m1 m2 m3
)
, (4.3)
BX1X2X3ℓ1ℓ2ℓ3 = −
(8π)3/2
10
√
7
3
NP3X3
[
3∏
n=1
∑
Ln
(−1)Ln2 (−i)ℓnI20−2ℓnLn2
]
I0 0 0L1L2L3


ℓ1 ℓ2 ℓ3
L1 L2 L3
2 2 2


×
∫ ∞
0
r2dr
[
3∏
n=1
2
π
∫ ∞
0
k2ndknT Xnℓn (kn)jLn(knr)
]
Beqk1k2k3 , (4.4)
where
Is1s2s3l1l2l3 ≡
√
(2l1 + 1)(2l2 + 1)(2l3 + 1)
4π
(
l1 l2 l3
s1 s2 s3
)
. (4.5)
Here, selection rules of the Wigner symbols allow Ln to run over |ℓn − 2| ≤ Ln ≤ ℓn + 2
under the restrictions: L1 + L2 + L3 = even and |L1 − L2| ≤ L3 ≤ L1 + L2. On the
other hand, concerning ℓn, we stress that there is no restriction except a triangle inequality
|ℓ1 − ℓ2| ≤ ℓ3 ≤ ℓ1 + ℓ2. This implies that the CMB bispectra have nonzero values for
both ℓ1 + ℓ2 + ℓ3 = even and ℓ1 + ℓ2 + ℓ3 = odd. Physically, this is a consequence of an
asymmetric spin dependence of the tensor bispectrum, i.e., |Bλ1λ2λ3 | 6= |B−λ1−λ2−λ3 |, and
directly connected to the absence of x in eq. (4.2).
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Figure 1. All possible CMB bispectra, i.e., 〈III〉, 〈IIE〉, 〈IEE〉 and 〈EEE〉 (top two panels), and
〈IIB〉, 〈IEB〉, 〈IBB〉, 〈EEB〉, 〈EBB〉 and 〈BBB〉 (bottom two panels), induced by the tensor non-
Gaussianity with X = 2.1 × 105 and P = 2.5 × 10−9 for ℓ1 + 2 = ℓ2 + 1 = ℓ3. Left and right two
panels describe the parity-even (ℓ1+ ℓ2+ ℓ3 = even) and parity-odd (ℓ1+ ℓ2+ ℓ3 = odd) components,
respectively. For comparison, we also plot 〈III〉 and 〈EEE〉 from the equilateral non-Gaussianity with
fNL = 150. Other cosmological parameters are fixed using the Planck results [33]. The parity-odd
bispectra seem to oscillate rapidly since they hate symmetric signals as ℓ1 ∼ ℓ2 ∼ ℓ3.
Figure 1 depicts reduced bispectra given by eq. (4.4) of the temperature, E-mode and
B-mode anisotropies for ℓ1 ≈ ℓ2 ≈ ℓ3, which is defined as
bX1X2X3ℓ1ℓ2ℓ3 = G
−1
ℓ1ℓ2ℓ3
BX1X2X3ℓ1ℓ2ℓ3 , (4.6)
Gℓ1ℓ2ℓ3 ≡
1
6

 2√ℓ3(ℓ3 + 1)ℓ2(ℓ2 + 1)
ℓ1(ℓ1 + 1)− ℓ2(ℓ2 + 1)− ℓ3(ℓ3 + 1)
√∏3
n=1(2ℓn + 1)
4π
(
ℓ1 ℓ2 ℓ3
0 −1 1
)
+5 perms.] . (4.7)
Note that Gℓ1ℓ2ℓ3 = I
0 0 0
ℓ1ℓ2ℓ3
holds if ℓ1 + ℓ2 + ℓ3 = even. In figure 1, the usual equilateral
bispectra with fNL = 150 are also plotted, and it seems to be comparable in magnitude to
the tensor bispectra with X = 2.1 × 105 for ℓ . 100. This relation has also been confirmed
in the flat-sky analysis [26]. In the tensor bispectra, we can see the characteristic signatures
associated with the tensor-mode CMB fields as mentioned above, i.e., the ISW enhancement
in temperature for ℓ . 100 and a peak due to Thomson scattering in the polarization at
ℓ ∼ 100. Generally, in the tensor mode, the temperature fluctuations are larger than the
polarization ones, and E and B modes have almost same amplitudes [31]. Such a magnitude
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relationship seems to hold in this figure too. With a confirmation of both parity-even (ℓ1 +
ℓ2+ ℓ3 = even) and parity-odd (ℓ1+ ℓ2+ ℓ3 = odd) signals in all types of the CMB bispectra,
These support the validity of our computations.
While in the cross-bispectra the parity-odd signals are comparable in magnitude to the
parity-even ones, the parity-odd auto-bispectra, i.e., 〈III〉, 〈EEE〉 and 〈BBB〉, are slightly
smaller than the parity-even counterparts. This is because of antisymmetry of the parity-
odd CMB bispectrum, which means that three fields forming the bispectrum cannot take the
identical states each other, e.g., BIIIℓℓℓ = B
EEE
ℓℓℓ′ = 0 [23, 24]. This suppression may slightly
decrease the total signals from the parity-odd bispectra in comparison with the parity-even
case, as seen in the next section.
5 Detectability analysis
To discuss detectability of the above bispectrum signals due to the tensor non-Gaussianity,
in this section we evaluate error bars of X (3.18) using the Fisher matrix. We are then
interested in X . O(105). In this region, gauge-field-induced curvature perturbations are
negligible and therefore P will coincide with observed power spectrum of curvature pertur-
bations [26]. Accordingly, we here adopt P = 2.5× 10−9. As instrumental noise information,
we adopt the data expected from the Planck and the proposed PRISM experiments [34, 35].
Computational methodology for the Fisher forecast is based on ref. [28].
5.1 Temperature and E-mode bispectra
Let us start from an estimation for the temperature and E-mode bispectra. In this case,
we shall analyze under a contamination of the usual equilateral non-Gaussianity since its
CMB bispectra are also amplified at ℓ1 ∼ ℓ2 ∼ ℓ3. The contamination by the equilateral
non-Gaussianity appears only in the parity-even space (ℓ1 + ℓ2 + ℓ3 = even). Then, each
element of the Fisher matrix can be defined as
Fij =
∑
X1X2X3
X ′1X ′2X ′3
∑
ℓ1≤ℓ2≤ℓ3≤ℓmax
1
∆ℓ1ℓ2ℓ3
B˜
X ′1X ′2X ′3
i,ℓ1ℓ2ℓ3
[
3∏
n=1
(C−1)XnX
′
n
ℓn
]
B˜X1X2X3j,ℓ1ℓ2ℓ3 , (5.1)
where
∆ℓ1ℓ2ℓ3 = (−1)ℓ1+ℓ2+ℓ3(1 + 2δℓ1,ℓ2δℓ2,ℓ3) + δℓ1,ℓ2 + δℓ2,ℓ3 + δℓ3,ℓ1 , (5.2)
and X1X2X3 or X ′1X ′2X ′3 runs over 8 combinations: III, IIE, IEI, EII, IEE, EIE, EEI
and EEE. Note that this formula is applicable to not only the parity-even space but also
the parity-odd one (ℓ1 + ℓ2 + ℓ3 = odd). The inverse matrix of the power spectrum reads
(C−1)XX
′
ℓ ≡
(
CIIℓ C
IE
ℓ
CEIℓ C
EE
ℓ
)−1
, (5.3)
where CXX
′
ℓ is the sum of the cosmic variance spectrum and the noise spectrum [28]. B˜i
and B˜j consist of normalized CMB bispectra generated from the tensor non-Gaussianity
(B˜p ≡ Bp/X3) and the equilateral curvature non-Gaussianity (B˜e ≡ Be/fNL). If we set a
2-dimensional Fisher matrix as
(2)F =
(
Fpp Fpe
Fep Fee
)
, (5.4)
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Figure 2. Expected 1σ errors of X3 (5.5) obtained by using the parity-even (left panel) and parity-
odd (right panel) signals in all types of the temperature and E-mode bispectra (red lines), the E-mode
auto-bispectrum alone (green lines) and the temperature auto-bispectrum alone (blue lines). Here we
assume the Planck, PRISM, and cosmic-variance-limited ideal experiments.
III EEE all I + E BBB (r = 0.05) BBB (r = 5× 10−4)
Planck 127 (129) 232 (233) 56 (65) 17 (19) 2.1 (2.1)
PRISM 127 (129) 83 (84) 25 (30) 0.87 (1.0) 0.015 (0.017)
ideal 127 (129) 82 (83) 25 (29) 0.12 (0.20) 1.2 (2.0) × 10−4
Table 1. Expected 1σ errors of X3 normalized by 1015 in the III, EEE, all I+E cases (ℓmax = 1000)
and the BBB case (ℓmax = 500) for each experiment. The tensor-to-scalar ratio r determines the
amplitude of the B-mode cosmic variance spectrum. Here we summarize the results estimated from
both the parity-even and parity-odd signals. In addition, for comparison, the errors from the parity-
even signals alone are written in parentheses.
the 1σ error bars are expressed as
(
δ(X3), δfNL
)
=
(√
(2)F−111 ,
√
(2)F−122
)
. (5.5)
Figure 2 depicts δ(X3) as functions of ℓmax estimated from all combinations of the
temperature and E-mode bispectra, the E-mode auto-bispectrum alone and the temperature
auto-bispectrum alone, respectively. Here, we display results from the parity-even and parity-
odd spaces separately. From this figure, we can notice that δ(X3) saturates for ℓmax & 100 in
every case. This is due to rapid decays of the tensor temperature and polarization bispectra
for ℓ & 100 (see figure 1). Concerning features associated with parity, one can find that the
error bars from the parity-odd signals are larger than those from the parity-even signals in
the 〈III〉 and 〈EEE〉 cases. This is a consequence of the suppression of the auto-bispectra
as mentioned in section 4. Regardless of it, owing to contributions of the 6 cross-bispectra,
the errors estimated from all possible 8 bispectra are comparable to or slightly smaller than
the parity-even counterparts.
Practical values of δ(X3) at ℓmax = 1000 are summarized in table 1. Interestingly, if
using full set of the temperature and E-mode bispectra in both the parity-even and parity-
odd spaces, δ(X3) can be 80% reduced in comparison with the 〈III〉 analysis under the
cosmic-variance-limited ideal experiment. This seems to be a common feature of the tensor
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non-Gaussianity [28]. Such a level of improvement cannot be attained in the scalar non-
Gaussianity case, where δfNL is only 50% reduction (see appendix B). This result shows
the powerful of the polarization bispectra. In this table, we can notice that the parity-odd
information also improves the errors if we use all types of the temperature and E-mode
bispectra. These improvements yield δ(X3) = 5.6× 1016 (Planck) and 2.5× 1016 (PRISM or
ideal).
Finally, we shall mention the contamination of the usual equilateral non-Gaussianity.
The correlation coefficient between the tensor temperature and E-mode bispectra in both the
parity-even and parity-odd spaces and the parity-even equilateral ones reads
Fpe√
FppFee
= 0.036 , (5.6)
which shows the lack of correlation, and hence they do not bias each other’s error estimation.
This is a consequence of the shape difference of the CMB fields between the scalar and tensor
modes.
5.2 B-mode bispectra
Here, let us consider error estimations including the B-mode information. Such bispectra
correspond to 6 additional contributions: 〈IIB〉, 〈IEB〉, 〈IBB〉, 〈EEB〉, 〈EBB〉 and 〈BBB〉
and considering all these information will improve δ(X3) drastically. However, this is a very
complicated procedure and hence here we focus only on the 〈BBB〉 analysis. In this case,
there is no contamination from the usual equilateral non-Gaussianity because of the absence
of B-mode creation by the scalar mode. Therefore, we can estimate the error through 1-
dimensional Fisher matrix as
F ≡
∑
ℓ1≤ℓ2≤ℓ3≤ℓmax
(
B˜BBBℓ1ℓ2ℓ3
)2
∆ℓ1ℓ2ℓ3
∏3
n=1C
BB
ℓn
, (5.7)
δ(X3) = F−1/2 , (5.8)
where B˜ ≡ Bp/X3. Here we take ℓmax ≤ 500 since lensing B-mode contribution may behave
as a bias on small scales [36, 37].
Numerical results of δ(X3) are described in figure 3. We also summarize the values
at ℓmax = 500 in table 1. As the cosmic variance spectra, we adopt the standard B-mode
power spectra where corresponding tensor-to-scalar ratios are r = 0.05 and 5× 10−4. In the
cosmic-variance-limited ideal experiment, the variance of the bispectrum is determined by
r alone and hence we can find a simple relationship δ(X3) = 1.1 × 1016r3/2 at ℓmax = 500
using both the parity-even and parity-odd signals. 〈BBB〉 can improve the error more than
〈EEE〉 despite the same noise spectrum (see appendix in ref. [28]) because of smallness of
the B-mode cosmic variance spectrum. While the improvements of the parity-odd signals are
slightly weaker than the parity-even signals for low ℓmax, interestingly, this situation seems
to be reversed for high ℓmax if the instrumental noise is negligible. Owing to these signatures,
δ(X3) can reach the values comparable to or less than 1015 in the Planck or the proposed
PRISM experiment.
6 Summary and discussion
A rolling pseudoscalar can induce large equilateral-type non-Gaussianity in the tensor per-
turbations via the dynamics of a chiral gauge field. Such non-Gaussianity violates parity
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Figure 3. Expected 1σ errors of X3 (5.8) estimated by using the parity-even (left panel) and parity-
odd (right panel) signals in the B-mode auto-bispectrum. As the cosmic variance spectra, we adopt
the B-mode power spectra with r = 0.05 (red lines) and 5 × 10−4 (green lines). Here we assume the
Planck, PRISM, and cosmic-variance-limited ideal experiments.
invariance and imprints characteristic signatures in the CMB temperature and polarization
bispectra.
In general, the parity-violating signatures in the non-Gaussianity appear in the com-
plicated spin and angle dependence of resulting CMB bispectra. We dealt with these in
the full-sky formalism and confirmed that all types of CMB temperature, E-mode and B-
mode bispectra have nonzero signals for both ℓ1 + ℓ2 + ℓ3 = even and ℓ1 + ℓ2 + ℓ3 = odd.
This property cannot be seen in the flat-sky analysis because of lack of the discreteness in ℓ
space. Physically, this reflects the asymmetric spin dependence of the tensor non-Gaussianity,
namely |Bλ1λ2λ3 | 6= |B−λ1−λ2−λ3 |. Numerical evaluations show that such CMB bispectra are
amplified on large scales and take quite different shapes from the usual scalar equilateral
bispectra due to the tensor-mode transfer functions. These mean that the existence of the
usual equilateral bispectra does not bias the estimation of pseudoscalar signals.
We evaluated the detectability of these signals through the Fisher matrix analysis.
Then, it was clarified that considering both the parity-even and parity-odd contributions
improve the detectability more. The analysis of the temperature auto-bispectrum alone will
detect a model parameter, defined in eq. (3.18), X = 5.0× 105 at 68% CL under the Planck
or proposed PRISM experiment. Inclusion of the E-mode contributions and whole ℓ-space
analysis potentially improve of 400% the detectability of the primordial tensor bispectrum
(∝ X3) with respect to the above temperature alone case. The corresponding 1σ values
of X read 3.8 × 105 and 2.9 × 105 under the Planck and PRISM experiments, respectively.
Moreover, we presented the power of the B-mode bispectra to reduce the error drastically.
If the instrumental noise is negligible and the B-mode cosmic variance can be expressed by
the tensor-to-scalar ratio r, we can write the 1σ error of X as δX = 2.2 × 105√r. In this
sense, we will be able to observe X less than 104 if r < 0.002. In practice, the instrumental
noises prevent δX from becoming smaller, and under r = 0.05 (5×10−4), X = 2.6 (1.3)×105
and 9.5 (2.5) × 104 will be possible to be detected in the Planck and PRISM experiments,
respectively. The CMB bispectra seem to have the detectability of X comparable to or
greater than the TB and EB correlations as shown in appendix C.
In this paper, we focused on the CMB signatures originating from a rolling pseu-
doscalar. However, there also exist other sources which create the parity-violating tensor
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non-Gaussianities and imprint similar signatures in the CMB bispectra [23, 24]. To differen-
tiate between these sources, a more comprehensive analysis considering each contamination
will be required. Then, the correlations 〈IIB〉, 〈IEB〉, 〈IBB〉, 〈EEB〉, 〈EBB〉 and 〈BBB〉
may also be informative. These are expected to be done in future papers.
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A Polarization vector and tensor
In this paper, we utilize a divergenceless polarization vector ǫ
(±1)
a and a transverse and
traceless polarization tensor e
(±2)
ab satisfying [29]
kˆaǫ(λ)a (kˆ) = 0 ,
ηabckˆaǫ
(λ)
b (kˆ) = −λiǫ(λ)c (kˆ) ,
ǫ(λ)∗a (kˆ) = ǫ
(−λ)
a (kˆ) = ǫ
(λ)
a (−kˆ) ,
ǫ(λ)a (kˆ)ǫ
(λ′)
a (kˆ) = δλ,−λ′ ,
(A.1)
and
e
(λ)
ab (kˆ) ≡
√
2ǫ
(λ
2
)
a (kˆ)ǫ
(λ
2
)
b (kˆ) ,
e(λ)aa (kˆ) = kˆae
(λ)
ab (kˆ) = 0 ,
e
(λ)∗
ab (kˆ) = e
(−λ)
ab (kˆ) = e
(λ)
ab (−kˆ) ,
e
(λ)
ab (kˆ)e
(λ′)
ab (kˆ) = 2δλ,−λ′ ,
(A.2)
where ηabc is a 3-dimensional antisymmetric tensor normalized by η123 = 1. An expression
in ℓ space is convenient, reading
e
(λ)
ab (kˆ) =
3√
2π
∑
Mmamb
−λY ∗2M (kˆ)α
ma
a α
mb
b
(
2 1 1
M ma mb
)
, (A.3)
with
αma α
m′
a =
4π
3
(−1)mδm,−m′ , αma αm
′∗
a =
4π
3
δm,m′ . (A.4)
Then, dealing with the Wigner symbols yields
e
(−λ1)
ab (kˆ1)e
(−λ2)
bc (kˆ2)e
(−λ3)
ca (kˆ3) = −
(8π)3/2
10
√
7
3
[
3∏
n=1
∑
µn
λnY
∗
2µn(kˆn)
](
2 2 2
µ1 µ2 µ3
)
.(A.5)
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Figure 4. Expected 1σ errors of fNL (5.5) estimated from all information of the temperature and
E-mode bispectra (red lines), 〈EEE〉 (green lines) and 〈III〉 (blue lines) in the Planck, PRISM and
ideal experiments.
With a multipole expansion of the delta function:
δ(3)
(
3∑
n=1
kn
)
= 8
∫ ∞
0
r2dr
[
3∏
n=1
∑
LnMn
(−1)Ln2 jLn(knr)Y ∗LnMn(kˆn)
]
×I0 0 0L1L2L3
(
L1 L2 L3
M1 M2 M3
)
, (A.6)
this representation is applied to formulation of the CMB bispectrum in section 4.
B Errors of the equilateral non-Gaussianity
In figure 4, we plot 1σ errors of the equilateral nonlinearity parameter in the 2-dimensional
Fisher matrix analysis with the parity-violating tensor non-Gaussianity. It is observed that
the analysis with all types of the temperature and E-mode bispectra leads to 50% reduction
of δfNL in comparison with the analysis of 〈III〉 alone under the PRISM or ideal experiment.
Thanks to uncorrelation with the tensor non-Gaussianity, δfNL is in good agreement with
F
−1/2
ee of eq. (5.4).
C TB and EB correlations
Here, we shall discuss the detectability of the parameter X from TB and EB power spectra
(hereinafter noted as CIBℓ and C
EB
ℓ , respectively). The TB or EB correlation is sourced
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Figure 5. Expected 1σ errors of X2 estimated from the TB and EB correlations. Here we adopt the
cosmic variance spectra and the noise spectra used in figure 3.
by the difference between λ = +2 and −2 tensor power spectra, given as
〈
h
(+2)
k1
h
(+2)
k2
〉
−〈
h
(−2)
k1
h
(−2)
k2
〉
≡ ∆h(k1)δ(2)(k1 + k2), reading
C
IB/EB
ℓ =
2
π
∫ ∞
0
k2dkT I/Eℓ (k)T Bℓ (k)∆h(k) . (C.1)
In our case, gravitational waves are positively-polarized and hence ∆h is dominated by the
+2 power spectrum: [12]
∆h(k) ≈ 8.6 × 10−7 H
4
M4P
e4πξ
ξ6
k−3 ∝ X2 . (C.2)
Concrete shapes of CIBℓ and C
EB
ℓ can be seen in ref. [7].
Let us define a Fisher matrix for an error estimation of X2 as [7]
F =
ℓmax∑
ℓ=2
∑
ij
∂Ciℓ
∂(X2)
(Cov−1)ijℓ
∂Cjℓ
∂(X2)
, (C.3)
where i or j runs over IB and EB, and a 2-dimensional covariance matrix is given by
Covijℓ =
1
2ℓ+ 1
(
CIIℓ C
BB
ℓ C
IE
ℓ C
BB
ℓ
CIEℓ C
BB
ℓ C
EE
ℓ C
BB
ℓ
)
. (C.4)
Here, we have obeyed a null hypothesis of the cosmic variance and instrumental noise from
the TB and EB correlations. Figure 5 describes expected 1σ errors of X2, which is calculated
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by δ(X2) = F−1/2, under the presence of the B-mode cosmic variance spectra with r = 0.05
and 5× 10−4. These results are compatible with the previous works [7]. We can also observe
the rapid reduction of δ(X2) for ℓ < 10 thanks to large-scale information of the TB power
spectrum, as discussed in ref. [7].
This figure indicates that X = 1.8 (1.4) × 105 or 1.2 (0.54) × 105 will be detected
at 68% CL in the Planck or PRISM experiment when r = 0.05 (5 × 10−4). These values
are comparable to or somewhat smaller than the results from the temperature and E-mode
bispectra, and slightly larger than those from the B-mode bispectrum analysis (see section 6).
In the cosmic-variance-limited experiment, the 1σ error bar of X is determined by r1/4,
reading δX ≈ 2.1 × 105r1/4. Because of the difference of r dependence, the detectability of
X may be weaker than the B-mode bispectrum case for smaller r as favored by current or
future observations.
References
[1] A. Lue, L.-M. Wang, and M. Kamionkowski, Cosmological signature of new parity violating
interactions, Phys.Rev.Lett. 83 (1999) 1506–1509, [astro-ph/9812088].
[2] S. Alexander and J. Martin, Birefringent gravitational waves and the consistency check of
inflation, Phys.Rev. D71 (2005) 063526, [hep-th/0410230].
[3] D. H. Lyth, C. Quimbay, and Y. Rodriguez, Leptogenesis and tensor polarisation from a
gravitational Chern-Simons term, JHEP 0503 (2005) 016, [hep-th/0501153].
[4] S. Saito, K. Ichiki, and A. Taruya, Probing polarization states of primordial gravitational waves
with CMB anisotropies, JCAP 0709 (2007) 002, [arXiv:0705.3701].
[5] M. Satoh, S. Kanno, and J. Soda, Circular Polarization of Primordial Gravitational Waves in
String-inspired Inflationary Cosmology, Phys.Rev. D77 (2008) 023526, [arXiv:0706.3585].
[6] T. Takahashi and J. Soda, Chiral Primordial Gravitational Waves from a Lifshitz Point,
Phys.Rev.Lett. 102 (2009) 231301, [arXiv:0904.0554].
[7] V. Gluscevic and M. Kamionkowski, Testing Parity-Violating Mechanisms with Cosmic
Microwave Background Experiments, Phys.Rev. D81 (2010) 123529, [arXiv:1002.1308].
[8] A. Gruppuso, F. Finelli, P. Natoli, F. Paci, P. Cabella, et. al., New constraints on Parity
Symmetry from a re-analysis of the WMAP-7 low resolution power spectra,
Mon.Not.Roy.Astron.Soc. 411 (2011) 1445–1452, [arXiv:1006.1979].
[9] N. Barnaby and M. Peloso, Large Nongaussianity in Axion Inflation, Phys.Rev.Lett. 106
(2011) 181301, [arXiv:1011.1500].
[10] T. S. Koivisto and D. F. Mota, CMB statistics in noncommutative inflation, JHEP 1102
(2011) 061, [arXiv:1011.2126].
[11] N. Groeneboom, M. Axelsson, D. Mota, and T. Koivisto, Imprints of a hemispherical power
asymmetry in the seven-year WMAP data due to non-commutativity of space-time,
arXiv:1011.5353.
[12] L. Sorbo, Parity violation in the Cosmic Microwave Background from a pseudoscalar inflaton,
JCAP 1106 (2011) 003, [arXiv:1101.1525].
[13] N. Barnaby, R. Namba, and M. Peloso, Phenomenology of a Pseudo-Scalar Inflaton: Naturally
Large Nongaussianity, JCAP 1104 (2011) 009, [arXiv:1102.4333].
[14] K. Dimopoulos and M. Karciauskas, Parity Violating Statistical Anisotropy, JHEP 1206
(2012) 040, [arXiv:1203.0230].
– 16 –
[15] V. Gluscevic, D. Hanson, M. Kamionkowski, and C. M. Hirata, First CMB Constraints on
Direction-Dependent Cosmological Birefringence from WMAP-7, Phys.Rev. D86 (2012)
103529, [arXiv:1206.5546].
[16] N. Barnaby, J. Moxon, R. Namba, M. Peloso, G. Shiu, et. al., Gravity waves and non-Gaussian
features from particle production in a sector gravitationally coupled to the inflaton, Phys.Rev.
D86 (2012) 103508, [arXiv:1206.6117].
[17] J. Grain, M. Tristram, and R. Stompor, CMB EB and TB cross-spectrum estimation via
pseudo-spectrum techniques, Phys.Rev. D86 (2012) 076005, [arXiv:1207.5344].
[18] A. Wang, Q. Wu, W. Zhao, and T. Zhu, Polarizing primordial gravitational waves by parity
violation, arXiv:1208.5490.
[19] M. Shiraishi, E. Komatsu, M. Peloso, and N. Barnaby, Signatures of anisotropic sources in the
squeezed-limit bispectrum of the cosmic microwave background, JCAP 1305 (2013) 002,
[arXiv:1302.3056].
[20] Planck Collaboration Collaboration, P. Ade et. al., Planck 2013 results. XXIII. Isotropy and
Statistics of the CMB, arXiv:1303.5083.
[21] J. M. Maldacena and G. L. Pimentel, On graviton non-Gaussianities during inflation, JHEP
1109 (2011) 045, [arXiv:1104.2846].
[22] J. Soda, H. Kodama, and M. Nozawa, Parity Violation in Graviton Non-gaussianity, JHEP
1108 (2011) 067, [arXiv:1106.3228].
[23] M. Shiraishi, D. Nitta, and S. Yokoyama, Parity Violation of Gravitons in the CMB
Bispectrum, Prog.Theor.Phys. 126 (2011) 937–959, [arXiv:1108.0175].
[24] M. Shiraishi, Parity violation of primordial magnetic fields in the CMB bispectrum, JCAP
1206 (2012) 015, [arXiv:1202.2847].
[25] T. Zhu, W. Zhao, Y. Huang, A. Wang, and Q. Wu, Effects of parity violation on
non-gaussianity of primordial gravitational waves in Horˇava-Lifshitz gravity, arXiv:1305.0600.
[26] J. L. Cook and L. Sorbo, An inflationary model with large tensor and small scalar
nongaussianities, arXiv:1307.7077.
[27] M. Kamionkowski and T. Souradeep, The Odd-Parity CMB Bispectrum, Phys. Rev. D83
(2011) 027301, [arXiv:1010.4304].
[28] M. Shiraishi, Polarization bispectrum for measuring primordial magnetic fields,
arXiv:1308.2531.
[29] M. Shiraishi, D. Nitta, S. Yokoyama, K. Ichiki, and K. Takahashi, CMB Bispectrum from
Primordial Scalar, Vector and Tensor non-Gaussianities, Prog. Theor. Phys. 125 (2011)
795–813, [arXiv:1012.1079].
[30] M. Shiraishi, D. Nitta, S. Yokoyama, and K. Ichiki, Optimal limits on primordial magnetic
fields from CMB temperature bispectrum of passive modes, JCAP 1203 (2012) 041,
[arXiv:1201.0376].
[31] J. R. Pritchard and M. Kamionkowski, Cosmic microwave background fluctuations from
gravitational waves: An analytic approach, Annals Phys. 318 (2005) 2–36, [astro-ph/0412581].
[32] M. Shiraishi, D. Nitta, S. Yokoyama, K. Ichiki, and K. Takahashi, Analytic formulae of the
CMB bispectra generated from non-Gaussianity in the tensor and vector perturbations,
Phys.Rev. D82 (2010) 103505, [arXiv:1003.2096].
[33] Planck Collaboration Collaboration, P. Ade et. al., Planck 2013 results. XVI. Cosmological
parameters, arXiv:1303.5076.
[34] Planck Collaboration, Planck: The scientific programme, astro-ph/0604069.
– 17 –
[35] PRISM Collaboration Collaboration, P. Andre et. al., PRISM (Polarized Radiation Imaging
and Spectroscopy Mission): A White Paper on the Ultimate Polarimetric Spectro-Imaging of
the Microwave and Far-Infrared Sky, arXiv:1306.2259.
[36] A. Lewis, A. Challinor, and D. Hanson, The shape of the CMB lensing bispectrum, JCAP 1103
(2011) 018, [arXiv:1101.2234].
[37] SPTpol Collaboration Collaboration, D. Hanson et. al., Detection of B-mode Polarization in
the Cosmic Microwave Background with Data from the South Pole Telescope,
arXiv:1307.5830.
– 18 –
